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ABSTRACT
We describe the properties of a sample of galaxy groups with very unusual distributions
of galaxy luminosities. The most extreme example has an X-ray luminosity similar to
that of the Virgo cluster but has a very low richness, with only one galaxy brighter
than L*, compared with six in Virgo. That one galaxy, however, is optically more
luminous than any galaxy in Virgo and has an optical luminosity as bright as many
of the central cD galaxies in rich Abell clusters.
The characteristic feature of the fossil groups we study is that most of the light
arises from one dominant, central galaxy. We define a fossil system and, based on
this definition, construct a small X-ray selected, flux-limited sample of fossil groups
with well known selection criteria. We confirm that these systems are indeed groups
of galaxies, but dominated by one central luminous giant elliptical galaxy and with
few, or no, L* galaxies.
We find that fossil systems represent 8%-20% of all systems of the same X-ray
luminosity. Fossil groups are at least as numerous as all poor and rich clusters com-
bined, and are thus a possible site for the formation of luminous central cluster galaxies
before infall into clusters occurs. The fossil systems in our sample have significantly
higher X-ray luminosities than normal groups of similar total optical luminosities (or
similar X-ray temperature, where the latter can be measured). These enhanced X-ray
luminosities may be due to relatively cool gas in the innermost regions or due to a low
central gas entropy.
We interpret fossil groups as old, undisturbed systems which have avoided infall
into clusters, but where galaxy merging of most of the L* galaxies has occurred.
An early formation epoch, before that of most groups, could explain low central gas
entropies and high X-ray luminosities.
Key words: galaxies: groups: general - X-rays: galaxies - galaxies: elliptical
1 INTRODUCTION
There exist concentrations of dark matter which have the
gravitating mass of groups of galaxies, and which contain
X-ray emitting hot gas with the extent and other proper-
ties expected for groups, but in which the optical light is
completely dominated by a single luminous, giant elliptical
galaxy. If systems of this type are sufficiently numerous and
massive, they may be of considerable importance as the lo-
cation of the formation of a significant fraction of all giant
⋆ CITA Senior Fellow
luminous elliptical galaxies. Initial indications suggest that
the total mass density of fossil groups in the Universe is sim-
ilar to that of rich clusters of galaxies (Vikhlinin et al. 1999).
Our interpretation of fossil groups is that they are the
end result of galaxy merging within a normal group, leaving
behind the X-ray halo (Ponman et al. 1994, Jones, Pon-
man & Forbes 2000b; hence the term ‘fossil’ groups). An
alternative scenario is that they may have formed with a
very unusual galaxy luminosity distribution (Mulchaey &
Zabludoff 1999), although we will show that this is a less
likely origin. If the merger interpretation is basically correct,
the timescales for dynamical friction on L∗ galaxies suggest
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that fossil groups are old, undisturbed systems that have
seen little infall of L∗ galaxies since their initial collapse.
Fossil groups are thus an important laboratory for studying
the formation and evolution of galaxies and the intra-group
medium in an isolated system. They may also be the evo-
lutionary link between compact galaxy groups and giant el-
lipticals (possibly via a ULIRG phase; Borne et al. 2000).
In addition, these systems act as a reminder that not all
mass concentrations can be found by optical means; the to-
tal mass and spatial extent of fossil groups has only been
revealed via X-ray observations.
It is thus important to measure the space density of fos-
sil systems. Several candidate systems have been reported,
but the criteria used to define this class of objects vary and
the two existing estimates of their space density disagree by
a factor of ∼4 (Vikhlinin et al. 1999, Romer et al. 2000).
Vikhlinin et al. (1999) found four potential fossil systems
which they considered to be isolated galaxies, calling them
X-ray over-luminous elliptical galaxies (OLEGs). Ponman et
al. (1994) and Jones et al. (2000b) have studied one of these
systems in detail and found that it is in reality a group,
with a halo of dwarf galaxies, and a deficit of L∗ galaxies.
Mulchaey & Zabludoff (1999) found a similar distribution of
galaxy luminosities around an optically selected giant ellip-
tical galaxy with an over-luminous X-ray halo. Matsushita
et al. (1998) and Matsushita (2001) may have found similar
systems which they call X-ray extended early type galaxies.
In this paper we adopt well-defined selection criteria for
fossil groups and measure their space density as a function of
X-ray luminosity. We also compare their X-ray luminosities
and temperatures with those of other groups and clusters.
We assume H0=50h50 kms
−1Mpc−1 and q0=0.5 through-
out.
2 DEFINITION OF A FOSSIL SYSTEM
We define a fossil system in observational terms as a spa-
tially extended X-ray source with an X-ray luminosity from
diffuse, hot gas of LX,bol ≥ 10
42 h50
−2 erg s−1 . The optical
counterpart is a bound system of galaxies with ∆m12≥2.0
mag, where ∆m12 is the absolute total magnitude gap in R
between the brightest and second brightest galaxies in the
system within half the (projected) virial radius (rvir). No
upper limit is placed on the X-ray luminosity or tempera-
ture.
The rationale behind this choice of definition is as fol-
lows. The lower limit in X-ray luminosity applied by us ex-
cludes normal galaxies. O’Sullivan, Forbes & Ponman (2001)
find very few elliptical galaxies with higher X-ray luminosi-
ties that are not at the centres of groups, and thus may
have a contribution to their measured LX from the hot
gas of the group (see also Matsushita 2001). The limit in
∆m12 ensures that the brightest galaxy dominates the sys-
tem. We use half the virial radius because this corresponds
approximately to the radius within which orbital decay by
dynamical friction (Binney & Tremaine 1987) predicts that
M∗ galaxies (with mass/light ratio = 10M⊙/L⊙) will fall
to the centre of the system within a Hubble time. The pre-
cise value of the threshold in ∆m12 is somewhat arbitrary,
but we show in Section 5.3 that the probability of obtaining
∆m12>2 by chance from a typical Schechter function is very
small. Observationally, it is also unusual to find groups or
clusters of galaxies with ∆m12>2. For example, of the 24
optically selected poor clusters of Price et al. (1991), the
highest value of ∆m12 is 1.3. Similarly, of the 20 MKW
(Morgan et al. 1975) and AWM (Albert et al. 1977) poor
clusters of Beers et al. (1995), the highest value of ∆m12
is 1.6. The MKW/AWM clusters were selected to contain a
dominant giant elliptical galaxy, and thus if anything should
have larger values of ∆m12 than randomly selected clusters.
The MKW/AWM clusters also cover the range of X-ray lu-
minosity of the fossil systems studied here.
3 INITIAL SAMPLE SELECTION
To search for fossil groups we used our existing X-ray se-
lected sample of spatially extended, serendipitous X-ray
sources compiled during the WARPS project (Wide An-
gle ROSAT Pointed Survey; Scharf et al. 1997, Jones et
al. 1998, Perlman et al. 2002). This flux limited survey con-
tains ≈150 extended X-ray sources, from nearby individual
galaxies to clusters of galaxies at high redshifts (Ebeling et
al. 2000, 2001), all detected in the central regions of ROSAT
PSPC (Position Sensitive Proportional Counter) pointings
at high Galactic latitudes (|b| > 20◦), in the 0.5-2 keV en-
ergy band. Because of the crucial need to be able to identify
sources as extended, only the inner region of 15 arcmin ra-
dius of the detector was used. The variation in the full width
at half maximum (FWHM) of the instrumental point spread
function (PSF) was thus restricted from values of 25′′ on-
axis to a maximum of 45′′ at the largest radius. Most of
the targets of these pointings were either Galactic objects
or AGN. In order to maximise the available sky area, we
have used all 86 ROSAT fields in phase one of WARPS (as
described in Jones et al. 1998 and Perlman et al. 2002), in-
cluding five fields which had clusters of galaxies as targets,
combined with the much larger number of 303 ROSAT fields
from phase two of WARPS. The total area of sky surveyed
was 73 deg2.
Source detection and characterisation was based on the
Voronoi Tesselation and Percolation technique (Ebeling &
Wiedenmann 1993) and is described by Scharf et al. (1997).
The number of counts in each detection varies between 60-
160 (0.5-2 keV), except for RXJ1416.4+2315 which was de-
tected with ≈800 counts. To extrapolate from the detected
count rate to a total count rate, allowing for the undetected
flux below the limiting X-ray isophote, we assumed a King
profile with β=2/3, a core radius estimated from the PSPC
data, and extrapolated to infinite radius (extrapolating to
the virial radius would give count rates only ≈10% lower).
The resulting mean increase in the count rate for the con-
firmed fossil systems described below was 53%. If β ≈0.5,
as found for many groups (Helsdon & Ponman 2000), then
the luminosities would be slightly higher (a correction fac-
tor ≈2, rather than 1.5). The conversion from total PSPC
count rate to flux in the 0.5-2 keV band included a small
correction for Galactic absorption in the direction of each
source and used a temperature estimated from an empirical
LX − T relation (Perlman et al. 2002). The dependence of
the flux on the precise value of this temperature was small
(≈6%; Jones et al. 1998). We employ a limit of 5.5×10−14
erg cm−2 s−1 (0.5-2 keV) in total flux, slightly lower than in
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the full WARPS catalogue, to maximise the volume surveyed
for the relatively rare fossil systems of galaxies.
To derive a list of candidate fossil systems, all X-ray
sources flagged as extended or possibly extended (see Scharf
et al. 1997) were investigated using a combination of meth-
ods. This work started whilst spectroscopic identification of
extended sources in the full WARPS catalogue was not yet
complete, and so an initial method was devised to help iden-
tify fossil candidates, for which spectroscopic identifications
have subsequently been obtained. The virtually complete
spectroscopic identification of the full WARPS sample, us-
ing methods described in Jones et al. (1998) and Perlman
et al. (2002), has since been used to confirm and update the
list of candidate fossil systems.
The initial method combined visual examination of X-
ray/optical overlays of all the sources, guided additionally
by HRI data of higher resolution where available, optical
spectroscopic identifications, R-band CCD images, identi-
fications in NED, and the ratio of X-ray to optical flux.
This search used POSS I & II Digitised Sky Survey data,
plus deeper R-band CCD images for the majority of the ex-
tended sources. The ratio of X-ray to optical flux helped
to distinguish cases where close point X-ray sources (typi-
cally AGN) were blended together, masquerading as an ex-
tended source. Particular attention was paid to sources with
log(fx/fopt) < −0.8, where fx is the 0.5-2 keV X-ray flux
(in erg cm−2 s−1 ) and
fopt = 2.2x10
6 x 10(−0.4R−11.76) erg cm−2 s−1 (1)
(Allen 1973), where the R magnitude is that of the coun-
terpart of the X-ray source, or of the brightest galaxy in
the system for clusters and groups of galaxies. Most AGN
and normal clusters had log(fx/fopt) > −0.8, whereas fos-
sil systems had lower values of log(fx/fopt). Where X-ray
emission from both a hot inter-group medium (IGM) and
an AGN in the group was observed, an estimate of the IGM
flux alone was made. Initially APM POSS E magnitude esti-
mates (Irwin, Maddox & McMahon 1994), accurate to ≈0.25
mag, were used instead of true R-band magnitudes. For very
bright galaxies, the APM magnitudes were sometimes un-
derestimated (ie brighter than in reality), but since this de-
creased fx/fopt and increased ∆m12, it only increased the
number of candidates.
We emphasise that the selection of the final list of 18
candidate fossil systems selected for further scrutiny was
based on a variety of indicators: optical spectroscopy and
classification of the system in the full WARPS survey, but
also the visual appearance (is the system dominated by a
single galaxy?) and the fx/fopt value. We have thus been
conservative in our selection of candidate systems, and it is
unlikely that we have missed a significant number, partic-
ularly at low redshifts (the completeness of our sample is
discussed further in Section 4.2).
3.1 Further observations and analysis of the
candidate systems
Although one to three redshifts of member galaxies were ob-
tained as part of the WARPS survey, more redshifts were
required for many systems where further galaxies within
∆m12=2.0 mag of the brightest galaxy were located within
projected radii < 0.5rvir . It was necessary to know if these
galaxies were group members or not, in order to determine
if the systems met our definition of a fossil system. Red-
shifts were obtained with the RC spectrograph at the Kitt
Peak 4m telescope, using a resolution of 7A˚. Data reduction
followed standard procedures using IRAF . Further details
of the imaging and spectroscopic observations will be given
elsewhere.
CCD imaging of the most promising candidates, to
R=24, was obtained in service time with the 2.5m Isaac
Newton Telescope (INT) wide-field camera to supplement
existing, shallower images obtained as part of the WARPS
survey. Data reduction was again performed in the standard
way, including a correction for the small non-linearity of the
CCDs. Unfortunately the conditions were not photometric,
and so further R-band imaging was obtained, in photometric
conditions, to calibrate the original images. For two systems
(J1416.4+2315 and J1552.2+2013) this further imaging was
obtained with the 8k mosaic camera at the University of
Hawaii 2.2m telescope. For the other systems the calibra-
tion images were obtained in additional INT wide field cam-
era service time. All photometric calibration was based on
observations of 5-12 standard stars per night selected from
Landolt (1992). The resultant photometric accuracy for all
the systems is ≈0.05 mag.
Accurate ∆m12 values for the candidate fossil systems
were measured from the R-band CCD images. For each
galaxy, an aperture containing > 90% of the total light,
as judged from the curve of growth, was used to measure a
pseudo-total magnitude. Absolute magnitudes of the central
galaxies were corrected for Galactic absorption and were K-
corrected. No K-corrections were applied in deriving ∆m12,
since the corrections are small (≈0.1 mag) at the redshifts
sampled, and in any case all of the brightest galaxies, and
most of the second brightest galaxies, are of an early type
and would have identical K-corrections.
The virial radii were estimated using the relationship
between virial radius and X-ray temperature rvir=r200=3.89
(T/10 keV)0.5(1+z)−1.5 h−150 Mpc (Evrard et al. 1996). For
most systems, there were too few ROSAT PSPC counts to
reliably measure a temperature, and for these a temperature
estimate was made based on the luminosity-temperature
(LX-T) relations of White et al. (1997) and Helsdon & Pon-
man (2000). The virial radii estimated in this way varied
between 0.94-1.45 h−150 Mpc. We show below that at least
some fossil systems lie on the low-temperature side of the
the LX -T relation, so that our estimates of both temper-
ature and virial radius for systems without reliable tem-
perature measurements may be overestimates. Reducing the
virial radii, and thus the sky area where ∆m12 is measured,
can only increase ∆m12 and reinforce the fossil nature of
the systems. For one system (RXJ1416.4+2315) there were
sufficient ROSAT PSPC counts to measure a temperature,
as described by Fairley et al. (2000). Absorption was fixed
at the Galactic value, and abundances fixed at 0.3 x solar.
The best fit MEKAL (Mewe et al. 1986) temperature was
1.53+0.48
−0.19 keV (at 90% confidence).
Radial profiles of the X-ray surface brightness as ob-
served with the ROSAT PSPC (and HRI where available)
were compared to the appropriate PSFs, and only genuinely
extended X-ray sources were accepted as fossil systems.
After combining the new redshift information, photom-
etry, and virial radius estimates, 5 new fossil systems were
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Figure 1. R-band CCD images and overlaid X-ray contours from
the ROSAT PSPC (0.5-2 keV) of the fossil systems. The greyscale
intensity scaling is logarithmic. The X-ray images have been adap-
tively smoothed and contoured at intervals of a factor of 1.4 in
surface brightness, except for RXJ1119.7+2126, where the inter-
val is a factor of 1.2.
identified which meet the definition given in Section 2 (dif-
fuse, hot gas of luminosity LX,bol ≥ 10
42 h50
−2 erg s−1 ,
and ∆m12≥2.0 mag within 0.5rvir). Twelve candidates were
ruled out, and one candidate remains, awaiting further spec-
troscopy.
4 RESULTS
4.1 The fossil systems
The five new fossil systems are shown in Fig 1. Their basic
properties, together with those of the one remaining can-
didate system, are given in Table 1. Here we provide brief
descriptions; the results of detailed observations will be re-
ported elsewhere. The system RXJ1340.6+4018, described
by Jones et al. (2000b), meets the fossil group definition used
here, but it is not included in the present statistical sample
because the exposure time of the ROSAT PSPC observa-
tion in which it was discovered was below the threshold used
in the WARPS survey.
RXJ1119.7+2126. This is the lowest-luminosity fossil
group in the sample. Optically, the group is completely
dominated by a giant elliptical galaxy at a position coin-
cident with the peak of the X-ray emission. This galaxy has
MR=-22.8 + 5logh50 and is visible to a semi-major axis dis-
tance of 70 h−150 kpc in our deep CCD image. At least two
nearby galaxies, 3.3-3.4 mag fainter, are spectroscopically
confirmed group members, and there is an excess of faint
galaxies visible within the X-ray contours. The PSPC data
within a radius of 1 arcmin of the peak emission are clearly
extended. The quoted X-ray luminosity arises only from the
source centred on the bright elliptical galaxy, and excludes
the nearby point X-ray sources visible in Fig 1 (one of which
is labelled and is an AGN at z=0.282; Mason et al. 2000).
We find that ∆m12 is definitely greater than two and lies
in the range 2.5-3.3, depending on the group membership
of one particular galaxy. This source is also identified as a
cluster/group of galaxies in the RIXOS (Mason et al. 2000)
and Vikhlinin et al. (1998) surveys. Mason et al. (2000) and
Tripp et al. (1998) confirm the redshift; Vikhlinin et al. had
no spectroscopic redshift.
RXJ1256.0+2556. The emission seen in the ROSAT
PSPC data extends to a radius of 2 arcmin and is clearly
extended. Optically this source is a rich group of galaxies,
dominated by a luminous (MR=-24.8 + 5logh50) elliptical
galaxy, with fainter galaxies observed in projection against
it. The offset of ≈15′′of the peak of the X-ray emission com-
pared to the brightest galaxy is not significant given the
positional uncertainty of ≈10′′of the ROSAT attitude solu-
tion. The classification as a fossil system is somewhat un-
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certain because ∆m12 may be either 1.6 or >2.0, depending
on whether a group galaxy at a radius within, but close to,
0.5rvir is included. The value of the virial radius is uncertain
since the X-ray temperature is unknown. For the purposes
of this paper we include this system, but note that it con-
tains at least 1-2 L∗ galaxies at a radius ≈0.5rvir. All nearby
point-like X-ray sources visible in Fig 1 are excluded from
the quoted luminosity. This X-ray source is also identified
as a cluster/group of galaxies in the Vikhlinin et al. (1998)
survey, but without a spectroscopic redshift.
RXJ1331.5+1108. The X-ray luminosity of diffuse, hot
gas in this source is slightly uncertain because of the possibil-
ity of point source contamination, but it is almost certainly
above 1042 erg s−1 . Optically it is a fossil group: we have 3
spectroscopically confirmed group members and ∆m12=2.0
mag. The source is only marginally extended in the PSPC.
However, two HRI observations, both with sufficient sensi-
tivity to detect a point X-ray source with the PSPC flux at
the position of the central galaxy, fail to do so. The required
variability of more than a factor of 2 on a timescale of 1
month is not unlikely for an AGN. However, the summed
HRI observations do reveal faint diffuse emission (possibly
including a very faint point source) over a ∼1 arcmin2 re-
gion adjacent to the central galaxy. This faint HRI emission
has a flux ≥50% of the total PSPC flux.
The central galaxy, at the X-ray peak, has narrow Hα
and [SII] emission lines. An unresolved (r<2′′) 12.6±0.6 mJy
radio source at 1.4 GHz is coincident with the central galaxy
(from the FIRST survey; White et al. 1997). This flux cor-
responds to a a power of 4.1 × 1030 erg s−1 Hz−1 at 1.4
GHz, similar to that of the first fossil system found by Pon-
man et al. (1994) and Jones et al. (2000b), and comparable
to values found for radio-loud cD galaxies in cluster cores.
These cluster radio sources are often associated with cooling
flows, and the emission line spectrum may also be associ-
ated with a cooling flow. In the RIXOS survey, based only
on PSPC data and one galaxy redshift, Mason et al. (2000)
classify this source as a Sy2/liner. With the additional data
discussed here, we classify the source as a probable combi-
nation of fossil group and AGN, with the X-ray luminosity
of each component remaining uncertain.
RXJ1416.4+2315. This is the most X-ray luminous source
in the sample. In a deep optical image it would be classified
as a galaxy group or poor cluster centred on an extremely
dominant, luminous, giant elliptical galaxy. This remarkable
galaxy has MR=-25 + 5logh50 and is visible to a semi-major
axis length of 160 h−150 kpc. The very extended X-ray emis-
sion is detected to a semi-major axis length of 3.5 arcmin
(650 h−150 kpc) in the PSPC and is elongated in a direction
similar to that of the central elliptical galaxy.
A radio source of flux 3.4±0.2 mJy at 1.4 GHz is coin-
cident with the central galaxy. The radio source is extended
on a scale of 4 arcsec (White et al. 1997).
This source appears in the bright SHARC cluster survey
of Romer et al. (2000). The redshift is confirmed, but it is
not identified as a fossil system by Romer et al. . There is a
small (<10%) amount of contamination from a background
QSO (HS 1414+2330 at z=1.54, Hagen et al. 1999) in the
PSPC image, which we have not removed. The target of this
ROSAT field was a candidate cluster of galaxies, but at a
high redshift (z>0.3), and unrelated to the fossil system.
RXJ1552.2+2013. The second most X-ray luminous sys-
tem in the sample, this clearly extended X-ray source has
the optical appearance of a galaxy group, again dominated
by a giant luminous elliptical galaxy at the X-ray peak.
The bright X-ray point source 2.5 arcmin west of
RXJ1552.2+2013 is a background QSO at z=0.25. The X-
ray flux from this QSO does not contribute to the luminos-
ity given in Table 1, but a small amount of contamination
(∼ 10%) from a probable AGN in the group approximately
1 arcmin W of the central galaxy is included in the quoted
luminosity. No point-like X-ray sources are detected within
the PSPC contours in an HRI exposure with sufficient sen-
sitivity to detect any point sources with ≈15% of the total
PSPC flux.
This source is identified as a group/cluster of galaxies
in the survey of Vikhlinin et al. (1998), who confirm the
redshift, and as an extended X-ray source, but below the
count rate limit, in the survey of Romer et al. (2000).
The final system described here is the remaining candidate.
c© 0000 RAS, MNRAS 000, 000–000
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RXJ0116.6-0329. Although this is a clearly extended
PSPC source identified with a group of galaxies with two
spectroscopically confirmed redshifts, the value of ∆m12 is
very uncertain. There are 3-4 bright galaxies at a radius of
approximately 0.25rvir with unknown redshifts. If any one
of these is a group member, then ∆m12<2.0, and this would
not be a fossil system as defined here. Thus we exclude this
source from further discussion.
4.2 Selection effects and completeness
Although our definition of a fossil system placed no upper
limit on the X-ray luminosity, and thus in principle very
luminous fossil clusters of galaxies, as well as groups, were
detectable, in practice some selection effects were at work.
In a survey with a single flux limit, the most luminous
sources are found at moderate to high redshifts, where the
search volume is largest. However, at the highest redshifts
the depth of some of the imaging and spectroscopic follow-
up was insufficient to reject galaxies with ∆m12=2.0 mag as
non-cluster members. Combined with the increase in num-
bers of projected foreground and background galaxies with
redshift, this meant that a reliable sample of high-redshift
fossil systems, as defined here, was impractical. We set a
conservative maximum redshift of z=0.25 within which this
survey should be reasonably complete since the spectroscopy
is deep enough to reliably identify fossil systems; indeed the
highest redshift fossil system found is at z=0.232.
The survey flux limit implies that fossil candidates with
LX = 10
42 erg s−1 (0.5-2 keV) will be included in the sam-
ple only at low redshifts z<0.06. Systems of LX > 10
43
erg s−1 will be included at all redshifts up to the limit of
z=0.25. Relatively few high-luminosity (∼ 1045 erg s−1 ) sys-
tems were detected in WARPS at z<0.25 (because of the rel-
atively small volume at these redshifts), so it is not surpris-
ing that no very luminous fossil clusters are in the sample,
if they exist at all.
To check if any incompleteness can be found, we make
a direct comparison with the two surveys in which sys-
tems similar to our fossil groups were identified, also based
on ROSAT serendipitous detections (Vikhlinin et al. 1999;
Romer et al. 2000). Unfortunately, there is little overlap. Of
the four systems indentified by Vikhlinin et al. , only one is
in a ROSAT field which is also contained in the WARPS
survey, but it falls just outside our maximum radius of 15 ar-
cmin and thus was not considered in the survey. Similarly, of
the three fossil systems identified by Romer et al. 2000, only
one is in a ROSAT field which overlaps with this survey, but
again it is outside our maximum radius of 15 arcmin.
Four of the fossil groups found here are in fields used
in the Vikhlinin et al. (1998) survey, which was the ba-
sis of the Vikhlinin et al. (1999) overluminous elliptical
galaxy (OLEG) sample, but none are included in that OLEG
sample. The X-ray luminosities of two fossil groups are
lower than the limit applied by Vikhlinin et al. (1999), ex-
plaining their absence. The other two missing systems may
be explained by the different selection criteria applied by
Vikhlinin et al. (1999). One of them (RXJ1552.2+2013)
does not appear to be a fossil group until redshifts of
nearby bright galaxies reveal that they are in the fore-
ground, perhaps explaining its absence, and the other
Table 2. Integrated space densities of fossil galaxy groups
LX
a (1042 h50−2 Nfoss
(b) N(> LX) Reference
(c)
erg s−1 , 0.5-2 keV) h503 Mpc−3
>1 5 4+2.7
−1.8 × 10
−6 this work
>10 3 2+1.9
−1.1 × 10
−7 this work
>20 4 2.4+3.1
−1.2 × 10
−7 (d) V99
>10(e) 4 4.6+5.9
−2.3 × 10
−7 (d) V99
>10 3 ∼ 2× 10−6 R00
(a) Limiting X-ray luminosity
(b) Number of fossil systems
(c) V99: Vikhlinin et al. (1999), R00: Romer et al. (2000)
(d) 90% confidence limits quoted by Vikhlinin et al. (1999)
(e) extrapolated from 2×1043 erg s−1 to 1×1043 erg s−1 assuming
the same slope as the cluster X-ray luminosity function.
(RXJ1331.5+1108) may be contaminated by an X-ray point
source, as already noted.
4.3 The space density of fossil groups
The space density was estimated using the 1/Va statistic of
Avni & Bahcall (1980). The survey volume within z=0.25
was calculated as a function of luminosity using the sky
area available at any given total flux, including the X-ray
K-corrections of Jones et al. (1998). The sky area was cal-
culated using simulated cluster profiles and the distribution
of PSPC exposure times and background levels in the survey,
as described in Scharf et al. (1997). In fact three of the five
fossil groups have sufficiently high fluxes to be detectable in
almost all the survey fields, so that the details of the area
calculation are unimportant for these three.
The integrated space densities we find at different lim-
iting luminosities, as well as those of previous studies, are
given in Table 2. Given the small number statistics, these
values are in reasonable agreement with the Vikhlinin et
al. (1999) space density extrapolated to lower luminosities.
The Romer et al. (2000) space density is, however, notice-
ably higher than the other two estimates.
An estimate of the differential X-ray luminosity func-
tion is shown in Fig 2. Although the small sample size has
required a large bin size in luminosity to be used (∼1 decade
in LX), it is clear that fossil groups are more numerous than
Hickson Compact Groups (HCGs) and, by definition, are
less numerous than all clusters and groups at a similar LX
combined.
4.4 The LX-T relation
Only one of the systems described here has sufficient
ROSAT counts to measure a temperature. This system has
an excess X-ray luminosity for its temperature, as also found
for the fossil group RXJ1340.6+4018 (Jones et al. 2000b). In
Fig 3 we plot both these fossil systems on the low-redshift X-
ray luminosity-temperature relation for groups and clusters
obtained from a variety of sources. Both fossil systems have
the highest X-ray luminosity of all the systems in the plot
at that temperature. Most groups are underluminous com-
pared to an extrapolation of the cluster LX − T relation,
whereas the opposite is true for these two fossil groups. The
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Table 1. Basic properties of the fossil galaxy groups
Name RA (J2000) Dec z nz ∆m12 fX(0.5-2 keV) LX (10
42 h50−2 TX M
BCG
R
(mag) (10−13 erg s−1 ) (keV) (+5log(h50))
(a) (b) erg cm−2 s−1 ) (0.5-2 keV) (bol)
RXJ1119.7+2126 11 19 43.7 +21 26 50 0.061 3 3.3c 0.57 1.0 1.7 - -22.8
RXJ1256.0+2556 12 56 03.4 +25 56 48 0.232 3 2.5c 1.06 26. 61. - -24.8
RXJ1331.5+1108 13 31 30.2 +11 08 04 0.081 3 2.0 1.07 3.2d 5.9d - -23.6
RXJ1416.4+2315 14 16 26.9 +23 15 32 0.137 6 2.4 12.5 103. 220. 1.53+0.48e
−0.19 -25.0
RXJ1552.2+2013 15 52 12.5 +20 13 32 0.135 4 2.3 3.32 27. 63. - -24.7
RXJ0116.6-0329f 01 16 40.2 -03 29 57 0.081 2 ? 2.90 8.3 17. - -23.8
(a) Number of spectroscopically confirmed member galaxies
(b) Magnitude gap in R between the brightest and second brightest galaxy members within a projected radius of 0.5rvirial.
(c) ∆m12 uncertain. See text for details.
(d) May be an overestimate due to a contribution from an AGN.
(e) 90% confidence limits
(f) Unconfirmed, unlikely to be a fossil system; ∆m12 unknown.
Fossil groups
All clusters & groups
Hickson compact groups
Figure 2. Differential X-ray luminosity function estimate for fos-
sil groups (solid squares) compared with all clusters and groups
(solid line and open circles; Ebeling et al. 1997 & Jones et
al. 2000a), and with Hickson compact groups (open squares and
dashed line; Ponman et al. 1996). The Ponman et al. HCG data
have been shifted by a fixed factor of 0.53 in luminosity to convert
from bolometric luminosities to the 0.5-2 keV band. This factor
is appropriate for a mean HCG temperature of 1 keV.
luminosities of all the low temperature systems in Fig 3 have
been extrapolated to the virial radius.
It remains to be seen whether all fossil systems are over-
luminous. Vikhlinin et al. (1999) find that one OLEG is con-
sistent with the group LX − T relation. It is possible that
there is a selection effect in our sample in the sense that we
were only able to measure temperatures for the most lumi-
nous systems, because they gave the highest-quality spectra.
However, the positions of these fossil groups on the LX − T
relation are clearly extreme compared to a sizeable sample
of other groups.
4.5 The LX-Lopt relation
In Fig 4 we plot the bolometric X-ray luminosities of the fos-
sil groups against the total optical luminosities of the central
galaxies (filled circles). There is a strong correlation (corre-
lation coefficient 0.978, corresponding to a probability of no
correlation of <10−7). The best-fit relation for the fossils is
logLX,42=(2.29±0.24)logLR,11 + (0.55±0.14) + 2.58logh50 ,
where LX,42 is the bolometric X-ray luminosity in units of
1042 erg s−1, and LR,11 is the R-band optical luminosity in
units of 1011 L⊙. The correlation implies a link between the
X-ray properties of the group and the central galaxy prop-
erties, and is discussed further in Section 5.3.
A comparison with a similar relationship found for a
sample of X-ray bright groups by Helsdon & Ponman (2003),
and plotted as crosses in Fig 4, is revealing. The fossil groups
have much higher X-ray luminosities than the Helsdon &
Ponman groups for their optical luminosities, but a consis-
tent slope; Helsdon & Ponman find a slope of 2.7±0.4. A key
difference between the datasets is that the Helsdon & Pon-
man points are for the total optical luminosity of the group,
rather than of just the brightest galaxy. A second difference
is that the LX values for the fossil groups have been extrap-
olated beyond the detection radius, whereas the Helsdon &
Ponman values have not. The arrows on the plot indicate the
likely typical corrections for these differences. Even assum-
ing an overestimate of a factor of 2 for the average increase
in the X-ray luminosities of the normal groups (Helsdon &
Ponman 2000), and increasing the fossil group central galaxy
optical luminosities by a factor of 1.5 to obtain total group
luminosities (as found by Jones et al. 2000b), the fossil group
X-ray luminosities are still significantly higher, by a factor
of ≈5.
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RXJ1340.6
RXJ1416.4
Figure 3. The X-ray bolometric luminosity-temperature relation
for groups and clusters at low redshifts, adapted from Babul et
al. (2002). The solid squares (labelled) are the two fossil groups
with sufficient ROSAT counts to measure a temperature; both
have excess luminosities for their temperature (RXJ1340.6+4018
is described in Jones et al. 2000b). The lines are predictions of
the Babul et al. (2002) analytical model. The heavy, solid curve is
the prediction assuming no preheating and isothermal gas at the
virial temperature appropriate for the mean redshift of formation
of a given halo mass. The hatched region shows the prediction for
a preheating entropy of kTn
−2/3
e ≈ 427 keV cm
2; the width of the
region reflects the range of formation redshifts. The three dashed
curves show the predictions for entropy levels of 300, 200 and 100
keV cm2 respectively. The two fossil groups are consistent with
the 100 keV cm2 curve. The data are from Markevitch (1998,
circles), Allen & Fabian (1998, diamonds), Ponman et al. (1996,
squares), Mulchaey & Zabludoff (1998, triangles) and Helsdon &
Ponman (2000, inverted triangles) with luminosities corrected to
the virial radius (see Babul et al. 2002). No error bars are given
for the Markevitch (1998) data, since they are smaller than the
symbols. All luminosities have been corrected to H0=75 km s−1
Mpc−1.
4.6 cD halos?
We have investigated whether the luminous central galax-
ies have the extended envelopes of cD galaxies. A de Vau-
couleurs r1/4 profile is a good fit to the surface-brightness
profiles of all of the central galaxies out to the largest radii
at which they are detected (corresponding to µR ≈ 26.5
mag arcsec−2). No excess above this profile at µ ∼< 25 mag
arcsec−2, characteristic of cD galaxies, is observed.
Residual images, after subtraction of the best fit ellip-
tical models, show no morphological signs of merger activ-
ity (eg. shells or tidal tails), suggesting that the last major
merger probably occurred several Gyr ago.
5 DISCUSSION
We have used well defined selection criteria to construct
a sample of fossil groups of galaxies based on a flux lim-
Figure 4. Group bolometric X-ray luminosity versus optical lu-
minosity. Filled circles show the fossil groups (5 from this paper
plus one from Jones et al. 2000b), for which Lopt is that of the
central galaxy. The horizontal arrow shows the effect of correct-
ing to the group Lopt by applying a factor of 1.5. The crosses
show the sample of X-ray bright groups of Helsdon & Ponman
(2003), for which Lopt is that of the group (corrected to R as-
suming B − R=1.4). The vertical arrow shows the approximate
effect of extrapolating the Helsdon & Ponman X-ray luminosities
to the virial radius. Best-fit lines are also shown.
ited, complete survey of extended X-ray sources. The pres-
ence of hot gas suggests that the systems are gravitationally
bound. The constraints we have applied are that LX ≥10
42
erg s−1 (to avoid individual galaxies) and ∆m12≥2.0 mag, to
ensure the presence of a dominant brightest galaxy. What
general properties do we observe?
Firstly, ∆m12 is not infinite; we have spectroscopically
confirmed group members at fainter magnitudes to show
that these are indeed systems of galaxies. Secondly, all the
brightest galaxies are giant ellipticals and are located at,
or consistent with, the X-ray centroids. Thirdly, the central
galaxies are all optically luminous, with total luminosities
similar to the brightest galaxies in clusters. NCG1275 in
the Perseus cluster has a relatively small cD envelope and
has MR ≈ −24.5 + 5log(h50), fainter than the most lumi-
nous fossil group galaxy studied here, which has an absolute
magnitude (MR = −25.0+5log(h50)) similar to that of cen-
tral cluster galaxies in rich clusters (eg. Dressler 1978). In
addition, the brightest galaxies in the poor AWM & MKW
clusters have a similar range of optical luminosities as the
central fossil galaxies (Thuan & Romanishin 1981). A high
luminosity of the brightest galaxy was not a selection crite-
rion; only a large luminosity gap was required. Finally, we
note that although (by definition) there are no L∗ galaxies
at r<0.5rvir, at larger radii there are L
∗ confirmed group
members in at least some systems.
We interpret fossil groups as old, undisturbed systems
in which the L∗ galaxies within r < 0.5rvir have merged to
form the luminous central elliptical galaxy observed today.
The age, derived from the timescale for dynamical friction
c© 0000 RAS, MNRAS 000, 000–000
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to cause L∗ galaxies to spiral in toward the group centre, is
∼4 Gyr (Jones et al. 2000b).
5.1 How numerous are fossil groups compared to
BCGs?
Fossil systems represent 8%-20% of all systems of the same
X-ray luminosity (at LX > 10
43 erg s−1 and at LX > 10
42
erg s−1 ), based on a comparison with the integrated local
XLF of Ebeling et al. (1997). These fractions are also con-
sistent with the cluster numbers within the WARPS survey.
Based on a comparison with the integrated XLF of HCGs
of Ponman et al. (1996), fossil groups are ≈2-4 times more
numerous than Hickson groups.
Could fossil groups be the site of formation of a large
fraction of BCGs, before infall of the fossil groups into clus-
ters? Each fossil system certainly contains a giant elliptical
galaxy of an optical luminosity similar to that of BCGs.
There are also easily enough fossil systems. Fossil groups
are at least as numerous as all typical and rich clusters
combined. Even if only the most luminous fossil systems of
LX > 10
43 erg s−1 are considered, their space density is the
same as all clusters with LX > 10
44 erg s−1 (0.5-2 keV) ie.
∼>0.2L
∗
X , and corresponding to TX ∼>3 keV or Mtot ∼> 3×10
14
M⊙. Including low-luminosity fossil systems (of LX > 10
42
erg s−1 ) gives a space density ∼10 times that of these clus-
ters.
Groups were suggested as the site of galaxy merging
which forms bright cluster ellipticals by Aarseth & Fall
(1980). This process is also assumed to occur in the semi-
analytical galaxy formation models of eg. Kauffmann, White
& Guiderdoni (1993).
Is the space density of the fossil groups consistent with
them being the origin of cluster BCGs? We assume that both
the fossil groups and the BCGs have a common origin. In
keeping with our assertion that fossil groups are old, undis-
turbed groups in which dynamical friction has resulted in the
merging of most of the L∗ galaxies, we associate the present-
day fossil groups/BGCs with 1013-1014 M⊙ systems that
“formed” at z∼> 1 and which have essentially evolved rela-
tively quietly for most of the duration towards the present.
Noting that the notion of “formation time” is ambiguous,
we follow Balogh et al. (1999) and define it as the epoch at
which 70-75% of the system’s final mass is assembled within
a single halo. This definition ensures that post formation, the
systems will typically evolve in a dynamically quiet manner.
Numerical simulation studies (see, for example, Navarro,
Frenk &White 1995) indicate that once 70-75% of a system’s
mass is assembled, the rest of the mass generally accretes
via minor merger events that have no significant impact on
structure of the halo. Using the Extended Press-Schecter
(EPS) formalism (Lacey & Cole 1993), we find that bulk
of the systems present at z≈1 will have formed at 1<z<1.5
(ie. in the previous 1 Gyr). Not all of these systems will
evolve into fossil groups/BCGs. We focus in on those sys-
tems that enjoy a quiet evolution from z=1-1.5 to z=0.3,
that is for at least ≈4 Gyrs, so that dynamical friction has
enough time to act. The comoving number density of such
systems is n(z=0.3)≈ 8x10−6h50
3Mpc−3. Of these, we iden-
tify as fossil groups those that continue their quiet existence
to the epoch of observation. At z=0.1, the comoving num-
ber density of such systems is n(z=0.1)≈3x10−6h50
3Mpc−3,
which is comparable to our estimate of the number den-
sity of fossil groups (4x10−6h50
3Mpc−3). According to the
EPS formalism, 8% of the fossil groups present at z=0.3
are destined to fall into clusters (of mass >1014 M⊙) by
z=0. We identify these systems as BCGs and their corre-
sponding predicted comoving number density is 6.4x10−7h50
3 Mpc−3. The observed number density of BCGs can be es-
timated from the cluster number density. The current num-
ber density of clusters of mass >1014 M⊙ (or TX >2 keV)
is ≈1.6x10−6h50
3Mpc−3 (Henry 2000), of which ≈35-80%
have dominant central galaxies (depending on the definition
used, Jones & Forman 1984). Thus the density of BCGs is
∼(6-13)x10−7h50
3Mpc−3, which is in good agreement with
the prediction. The concordance between the various pre-
dicted and observed number densities is tantalizing and
we are preparing a much more detailed theoretical anal-
yses of the hypothesized association between fossil groups
and BCGs using both numerical simulations and the merger
tree/analytic dynamical evolution formalism of Taylor &
Babul (2001).
In this scenario, the cD halo often found around BCGs
would be added after infall. It could arise from stars stripped
from galaxies within the cluster environment (eg. Lopez-
Cruz et al. 1997). Speeding cDs (eg. Zabludoff et al. 1993)
could be explained by fossil group infall.
Ghigna et al. (2000) have performed a high-resolution
simulation of a cluster of mass similar to that of the Virgo
cluster within a cold dark matter Universe, and thus includ-
ing infall from its surroundings. The core of the dark matter
halo corresponding to the central galaxy is largely assembled
at high redshift (z=1-3) from the merger and accretion of
∼12 halos with masses corresponding approximately to L*
galaxies (vcirc ∼ 200 − 300 km s
−1). The mergers of these
halos occur before the formation of the cluster.
5.2 Excess X-ray luminosities
Possible explanations for the excess X-ray luminosities in
Figs 3 & 4 include:
(a) Point source contamination. The ROSAT PSPC
resolution of ≈30′′ is insufficient to resolve all but the
brightest point sources. In the systems with the largest an-
gular extent, the contribution from AGN (either in the cen-
tral galaxy, or in the background), can be limited to ≈10-
20%. Thus for the two systems which are measured to be
overluminous for their temperatures (RXJ1416.4+2315 and
RXJ1340.6+4018), point source contamination is unlikely
to be responsible. For some other fossil groups, such as
RXJ1331.5+1108, the point source contribution may be sig-
nificant.
(b) Cooler central gas. If the groups are undisturbed
and old, gas in the innermost region may be cooling, in-
creasing the X-ray luminosity and lowering the mean tem-
perature. Individual systems can be offset from the LX − T
relation because of a large cool gas contribution. Jones et
al. (2000b) found a short cooling time of ∼1Gyr at r < 6
arcsec in RXJ1340.6+4018, and Vikhlinin et al. (1999) found
evidence for cool gas in 1159+5531. The cool gas contribu-
tions to the total X-ray luminosities are unknown, but by
analogy with clusters, they are unlikely to account for the
factor ≈5 increase in LX seen in Fig 4.
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(c) A low central entropy. The value of the gas entropy
at r = 0.1rvir in low temperature groups has been found to
have an approximately constant value from group to group
(the ‘entropy floor’ of Ponman et al. 1999 and Lloyd-Davies
et al. 2000). Here the entropy is defined as S = kT/n
2/3
e .
The ‘entropy floor’ can be explained by energy injection in
addition to the compression and shock heating caused by the
dark matter gravitational potential (eg. Kaiser 1991, Evrard
& Henry 1991). The origin and epoch of the energy injection
is unknown, but may be related to supernova galaxy winds
or AGN jets (eg. Valageas & Silk 1999, Bower et al. 2001).
A lower central entropy than normal would allow the gas to
achieve higher densities, accounting for the high luminosity
observed. Fossil systems may thus represent evidence for a
distribution of central entropy values from group to group
as opposed to a constant value.
We illustrate this point in Fig 3 using the relatively
simple analytic model of Babul et al. (2002) to predict the
LX −T relation for various values of the entropy of the pre-
heated gas. The model uses the Lacey & Cole (1994) mass
distribution function to derive the distribution of formation
redshifts, assumes an isentropic core (the size of which is a
function of mass), outside of which accreting gas is shock
heated, and uses the Raymond & Smith (1977) emissivities
to predict X-ray luminosities. The normalisation and shape
of the observed group and cluster LX−T relation at z=0 are
well matched for a pre-heated gas entropy of ≈427 keV cm2
(hatched region in Fig 3) for this particular model. The two
fossil group points lie near lower values of the pre-heated
gas entropy (shown by the dashed lines), but not as low
as the prediction for no pre-heating (solid line), where the
(isothermal) temperature is given by the virial temperature
at the epoch of formation.
A lower central entropy could be due to either an early
formation epoch or simply to less energy injection. If the
energy injection in some fossil groups occurred at high red-
shifts, earlier than in most groups, and thus at higher den-
sities, then a given injected energy would produce a lower
entropy in these systems (Ponman et al. 1999). An early
epoch of formation is consistent with the hypothesis that
fossil groups are generally old, undisturbed systems in which
the bright galaxies have merged. Alternatively, if the groups
were formed with only one very luminous, massive galaxy,
then the high escape velocity from that galaxy may have
prevented supernova winds reaching the intra-group medium
and thus reduced the specific energy injection.
(d) The offset in Fig 4 between the fossil groups and the
Helsdon & Ponman groups may alternatively be due to low
(by a factor ≈2.5) optical luminosities of the fossil groups,
rather than high X-ray luminosities. This would imply ab-
normally high mass-to-light ratios and low star-formation
efficiencies (Vikhlinin et al. 1999). Comparing optical lumi-
nosities with X-ray temperatures, the two fossil groups with
measured X-ray temperatures do indeed have low optical lu-
minosities for their temperatures when compared with the
Helsdon & Ponman sample (a factor ≈1.5 below the mean
relation), but this is well within the scatter of the Helsdon &
Ponman data. More detailed X-ray and optical observations
will considerably clarify the situation.
The origin of the excess X-ray luminosities will become
clearer when studies using Chandra data, in progress, are
complete.
5.3 The origin of fossil groups
The unusual distribution of galaxy light in fossil groups
could be due to merging of L* galaxies, as we have pro-
posed (Ponman et al. 1994, Jones et al. 2000b), or simply
due to an unusual distribution of galaxy masses when the
groups formed. Although there is as yet no direct evidence of
merger activity in fossil groups, there are several arguments
supporting the merger origin.
In one sense, the luminous galaxies in fossil groups are
extreme versions of brightest cluster galaxies (BCGs), since
they emit a very high fraction of the total group light (70%
in RXJ1340.6+4018; Jones et al. 2000b). The optical lumi-
nosities of BCGs have been shown to be not drawn from
the luminosity function of cluster ellipticals (Sandage 1976;
Tremaine & Richstone 1977; Bernstein & Bhavsar 2001),
suggesting a different origin for at least some of the BCG
light.
To test the likelihood of ∆m12>2.0 appearing by
chance, we sampled a Schechter function with the param-
eters of the composite luminosity function of MKW/AWM
clusters (Yamagata & Maehara 1986). We performed 10,000
Monte Carlo simulations with absolute magnitudes selected
at random from the Schechter function distribution. The
number of simulated luminosity functions with ∆m12>2.0
was 0.4%±0.06%, significantly lower than the 8%-20% of
clusters and groups of comparable luminosity found to be
fossil systems.
There are two pieces of observational evidence that sup-
port the merger origin. Firstly, the gap in the galaxy lumi-
nosity function at L∗ in the central regions of the systems
matches the predicted effect of dynamical friction, since the
most massive galaxies are predicted to fall into the centre
earliest. The combination of the lack of L∗ galaxies and the
very luminous central galaxy is very suggestive of merging.
Formation of the systems with the luminosity distribution
observed today would require the formation of a single lu-
minous galaxy to be accompanied by a deficiency of less
luminous galaxies.
Secondly, there is a strong correlation between the
group X-ray luminosity and the central galaxy optical lu-
minosity, when what is expected is a relation with the total
group optical luminosity. Indeed, the slope is consistent with
that found for normal groups when plotted against the total
group optical luminosity. This suggests that, unusually, the
luminosity of the brightest galaxy is strongly related to the
global group properties. This would arise naturally if the
central galaxies were a result of multiple merging. Galaxy
merging (for the BCGs in low LX clusters) has also been
suggested to explain the differences in evolution found for
BCGs in host clusters of low and high LX (Burke, Collins
& Mann 2000, Brough et al. 2002, Nelson et al. 2002).
5.4 An evolutionary sequence
Fossil groups are more common than HCGs of the same
LX by a factor of ≈2-4. In addition, from the discussion
above we find that groups in general are ∼8 times more
numerous than fossil groups. We assume a simple evolution-
ary sequence. If loose groups form at an early epoch, with
the L* galaxies within them evolving via HCGs into fos-
sil groups over a Hubble time, leaving the X-ray luminosity
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almost unchanged, then the relative space densities of the
three different types of system give information on the trans-
formation rates. We use a very simple model in which the
number of groups in any one state is proportional to the
difference between the formation and destruction rates of
that state. The observed relative abundances are obtained
if the formation rate of HCGs is ≈1.3 times the formation
rate of fossil groups, and the formation rate of loose groups
is ≈6 times the formation rate of HCGs. A relatively slow
rate of formation of fossil groups is consistent with the long
dynamical friction timescale of L* galaxies.
5.5 The environments of luminous galaxies
In the local Universe, the majority of very luminous galax-
ies are not found in poor or rich cluster environments,
but rather in binary systems or groups (Cappi et al. 1998,
Giuricin et al. 2001). Moreover, of the 113 very luminous
galaxies with MB < -22.5 + 5log(h50) (ie. L > 4L
∗) in the
Southern Sky Redshift Survey 2, Cappi et al. (1998) esti-
mate that ≈5-20% are in groups dominated by the single
luminous galaxy. The optical luminosities of these luminous
galaxies are similar to those of the central galaxies in our
fossil groups. Most of the very luminous galaxies of Cappi
et al. are spirals. However, of the very luminous early-type
galaxies, ≈50%-60% are not in rich or poor clusters. Colbert,
Mulchaey & Zabludoff (2001) have also found several iso-
lated, luminous (MB < -22.5 + 5log(h50)) early-type galax-
ies.
Although usually no redshift information on the fainter
members of the Cappi et al. groups is available, several of
these systems appear to have a distribution of optical galaxy
luminosities very similar to that of our fossil groups (see also
Cappi et al. 2000). In addition, very luminous galaxies in
general (whether in groups or not) have a clustering ampli-
tude higher than that of less luminous galaxies, and similar
to that of rich groups (Giuricin et al. 2001). Because clus-
tering amplitude increases with system mass, from galaxies
to clusters, Cappi et al. (1998) suggested that very luminous
galaxies may be associated with dark halos of group mass.
However, not all very luminous elliptical galaxies are in
fossil systems with extended X-ray halos of high luminos-
ity. O’Sullivan, Forbes & Ponman (2001) have investigated
LX as a function of Lopt and environment for nearby early-
type galaxies. They find a few examples of optically very
luminous early-type galaxies (which are not at the centres
of groups or clusters) with LX both above and below the
limit of 1042 h50
−2 erg s−1, the limit we use here to de-
fine fossil groups. Here we again define very luminous as
MB < −22.5+5log(h50). Thus examples of optically very
luminous galaxies with relatively low LX do exist. However,
a larger sample is required to accurately measure the frac-
tion of optically selected very luminous elliptical galaxies
which are in systems similar to the fossil groups described
here.
The fraction of very luminous elliptical galaxies which
were formed in fossil groups is difficult to estimate. The
space density of all galaxies more luminous than our faintest
central galaxy (MR < −22.8+5log(h50), or LR > 1.5L
∗) is
2× 10−4 h50
3Mpc−3, based on the 2dF galaxy redshift sur-
vey luminosity function of Norberg et al. (2002) and assum-
ing B − R=1.5 mag. This is 25 times the density of fossil
groups, but only perhaps a quarter of these may be early-
type galaxies (Giuricin et al. 2001). Evolutionary effects also
complicate this comparison. For example, recent infall of L∗
galaxies into the cores of fossil groups would remove them
from the fossil category. Our results do however suggest that
at least a fraction of very luminous elliptical galaxies formed
via mergers in galaxy groups.
6 CONCLUSIONS
We have made an observational definition of a fossil system
and constructed an X-ray selected, flux-limited sample of 5
fossil groups of galaxies with well defined selection criteria.
The groups are completely dominated by a central, luminous
giant elliptical galaxy with no cD halo.
Evidence for the luminous central galaxies being the
result of multiple mergers of L∗ galaxies includes: the gap
in the galaxy luminosity function at L∗, combined with the
high luminosity of the central galaxies and a low probability
of obtaining ∆m12>2 by chance, and a strong correlation
between the X-ray luminosity of the groups and the optical
luminosity of the central galaxies (with a slope consistent
with that found for LX (group) versus Lopt(group) for nor-
mal groups, although with an offset to higher X-ray lumi-
nosities).
The X-ray luminosities of the fossil groups are well in
excess of that expected for their optical luminosities, and
also for their X-ray temperatures (for the two systems where
TX can be measured). The high X-ray luminosities may be
caused by relatively cool gas in the innermost regions or
by a low central gas entropy. A low central entropy could
be the result of an early epoch of formation, before most
groups were formed, and consistent with the interpretation
of fossil systems as old, undisturbed systems in which most
L∗ galaxies have merged.
The fraction of all groups which are fossil systems of
the same LX is 8%-20%. Fossil groups are at least as nu-
merous as all poor and rich clusters combined (of LX >10
43
erg s−1) and thus are potentially the site of formation of
many brightest cluster galaxies, before infall into clusters.
However, only a fraction of all optically luminous elliptical
galaxies are found in X-ray bright group environments.
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